including coronary EC [8] . Regulation of the intracellular H + homeostasis in EC is dependent on the activity of two ion-transporting systems: i.e., Na + /H + -exchanger and Na + -or Cl Ϫ -coupled bicarbonate transport (BT) [9] . Although the involvement of Na + /H + exchanger in regulation of apoptosis has been shown under various stress conditions, including ischaemia [3] , the role of BT is still poorly understood. Under serum deprivation BT seems to play an anti-apoptotic role [10] , while apoptosis induced by staurosporine can be ameliorated through BT inhibition [11] . Whether BT also modulates the apoptosis induced by ischaemia and which signalling mechanisms are involved is unknown. Therefore, the aim of the present study was to investigate the role of BT in endothelial apoptosis under ischaemic conditions. As an experimental model, a primary culture of rat coronary EC was exposed to in vitro simulated ischaemia consisted of glucose-free anoxia in combination with extracellular acidosis. This model has been characterized in detail in our previous studies with respect to cytosolic Ca 2+ and pH homeostasis and apoptotic signalling mechanisms [8, 12] . To analyse the role of BT, treatment with a stilbene derivative, 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (DIDS), the tool most frequently used for the inhibition of BT, was applied. This irreversible anion channel inhibitor is not selective for the BT and has also inhibitory effect on Cl Ϫ channels [13] . Because of this limitation the experiments with DIDS were compared with another set of experiments in which BT was blocked by omission of bicarbonate from media. Applying these two tools, we found that inhibition of BT significantly increased apoptosis of EC due to activation of mitochondrial pathway.
Materials and methods
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Cell culture
Coronary EC were isolated from 250 to 300 g male Wistar rats and maintained in Eagle's minimal essential medium 199 supplemented with 10% foetal calf serum and 10% newborn calf serum as previously described [14] . The purity of the cell culture (> 95% EC) was confirmed by immunochemical staining with antibodies against von Willebrand factor (vWF) and by uptake of DiI-ac-low-density lipoprotein (LDL) as previously described [15] . Experiments were performed with monolayers reaching 80-90% confluence and 18 hrs prior to experiments serum content in culture medium was reduced from 20% to 5%.
In vitro simulated ischaemia
To simulate ischaemic conditions, cells were exposed to anoxia in combination with glucose-deprivation and acidosis as previously described [8] . Dishes with cultured EC were incubated for 2 hrs at 37°C in a gas-tight chamber under continuous flush with humidified N2 or gas mixture (95% N2 + 5% CO2). Analysis of buffer pH after 2 hrs of simulated ischaemia did not reveal any significant alterations.
Capase-3 activity assay
Activity of caspase-3 in cell extracts was detected using a colorimetric caspase-3 cellular activity assay kit (Calbiochem) based on cleavage of the synthetic caspase substrate-1 linked to the chromophore p-nitroanilide (Ac-DEVD-pNA). Preparation of cell extracts and analysis of caspase-3 activity was performed according to the manufacturer's protocol. The amount of hydrolysed substrate was measured at an optical density of 405 nm. The activity of caspase-3 was expressed in arbitrary units defined as the maximal increase of optical density, derived by linear regression, per 0.5 ϫ 10 6 cells during 30 min.
Hoechst-33342 and propidium iodide staining
To distinguish between apoptotic and necrotic cells, nuclear staining with Hoechst-33342 and propidium iodide was applied as described previously with slight modifications [16] . Briefly, cells were trypsinized, washed with phosphate buffered soline (PBS) and incubated for 10 min with 1 µg/ml Hoechst-33342 and 3 µg/ml propidium iodide. The stained nuclei were visualized with convert fluorescent microscope at a magnification of 700x using excitation light at 350 nm for Hoechst-33342 and 540 nm for propidium iodide. For quantitative assay, a blind analysis of 200-300 nuclei from randomized 4-5 fields was performed. Cells were scored as apoptotic, when nuclei stained with Hoechst-33342 produced unequivocal bright blue fluorescence due to chromatin condensation/fragmentation [8] . Propidium iodide stained nuclei with normal nuclear morphology, i.e. without signs of chromatin condensation, were scored as necrotic. Cells exhibiting both chromatin alteration and propidium iodide stained nuclei (i.e. 'late-stage apoptotic cells') were included in the apoptotic population. The number of these cells did not exceed 5% of all cells.
Western blot
Western blot analyses were performed as described previously [5] . Primary antibodies were: Bax (Cell Signalling), cytochrome C (Sigma), cytochrome oxidase IV (Molecular Probes), ␤-actin (Chemicon International), caspase-8 (BioVision), caspase-12 (recognizing the residues 100-116, Oncogene). Specific bands were visualized after incubation with peroxidase-linked horseradish peroxidase (HRP)-labelled secondary antibodies by chemiluminescence using ECL+ kit (Amersham Pharmacia). Equivalent sample loading was confirmed by stripping membranes with the Blot Restore Membrane Stripping buffer (Pierce) followed by treatment with antibodies against ␤-actin.
Subcellular fractionation
Subcellular fractionation was performed as described by Heiden et al. [17] with small modifications. Briefly, cells were permeabilized by resuspension in ice cold buffer containing 210 mM sucrose, 20 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 0.1mM phenylmethylsulfonyl fluoride, 1:100 protease inhibitor cocktail (Sigma) and 0.04% digitonin. After initial centrifugation of cell suspension at 750 ϫ g for 10 min, supernatant was further centrifuged at 10,000 ϫ g for 25 min resulting in mitochondrial fraction in the pellet. Supernatant was used as a mitochondrial free fraction. The purity of this fraction was confirmed by the absence of Cox-IV.
Cytosolic Ca 2+ and pH analysis
Measurement of cytosolic free Ca 2+ and H + concentration with fluorescent indicators Fura-2 and 2Ј, 7Ј-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) and calibration of Fura-2 and BCECF ratios were performed as previously described [12] .
Mitochondrial membrane potential analysis
Mitochondrial membrane potential was assessed with 5,5',6,6'-tetrachloro-1,1Ј,3,3Ј-tetraethyl-benzamidazolocarbocyanin iodide (JC-1) as described previously [18] . Briefly, EC were loaded for 30 min with 5 µmol/l JC-1 in medium M199 at 30°C. Recordings were begun after the cells had incubated in dye-free medium at 30°C for an additional 20 min. Excitation of dye was performed at 496 nm. Emission was measured at 530 and 590 nm. Emission signal ratio (590/530) was normalized to the ratio obtained under normoxic condition, i.e. before simulated ischaemia.
Immunocytochemistry and confocal microscopy
Briefly, cells fixed with 4% paraformaldehyde were treated for 15 min with 0.5 mg/ml MitoTracker Red (Molecular Probes). After washing with PBS, the cells were additionally fixed for 5 min with 4% paraformaldehyde, permeabilized with 0.05% Triton X-100 and incubated with a rabbit polyclonal anti-Bax antibody (1:250, Cell Signaling) followed by treatment with fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG (Dianova). The cells were examined by a laser scanning confocal microscope (Leica TCS SP2). Series of confocal optical sections were taken at 0.5 micrometer intervals using a Leica Planapo 63/1.4 objective lens. Each recorded image was taken using dual-channel scanning and consisted of 1024 ϫ 1024 pixels.
Statistical analysis
Data are given as mean Ϯ SEM. The comparison of means between the groups was performed by one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test. Statistical significance was accepted when P<0.05.
Results

Inhibition of BT enhanced the proapoptotic effect of simulated ischaemia
Exposure of EC to simulated ischaemia for 2 hrs in Bic led to a rise of caspase-3 activity and apoptotic cell number compared to control (Fig. 1A) . Inhibition of BT by omission of bicarbonate during ischaemic incubation (Hep) significantly increased the apoptotic rate. Previously we reported that simulated ischaemia induced apoptosis in coronary EC in a caspase-dependent manner. To prove whether the enhancement of apoptosis induced by inhibition of BT is also caspase-dependent, a treatment under simulated ischaemia with pan-caspase inhibitor ZVal-Ala-Asp(OMe)-fluoromethyl ketone (zVAD)-fmk was applied. Under this treatment, apoptosis rate did not differ from the normoxic control demonstrating that caspase-dependent apoptosis is the predominant apoptosis form induced by inhibition of BT during simulated ischaemia. In a second set of experiments, BT was inhibited by applying the widely used inhibitor of bicarbonatecoupled ion transport DIDS (300 µmol/l). This concentration was used on the basis of the results of our initial experiments with various DIDS concentrations (100-1000 µmol/l) demonstrating the marked pro-apoptotic and the minimal necrotic effect of DIDS at 300 µmol/l. Similar to bicarbonate withdrawal, treatment with DIDS led to a significant rise of caspase-3 activity and apoptotic cell number (Fig. 1B) . In contrast, at the similar concentration DIDS had no pro-apoptotic action in normoxic, control EC.
Since DIDS is not specific inhibitor for BT and may also influence apoptosis rate due to side effects, an additional set of experiments was designed. Here, treatment with DIDS during simulated ischaemia was performed in bicarbonate-free, Hep. Under this condition, DIDS has no effect on apoptotic parameters (Fig. 1B) . Therefore, the pro-apoptotic action of DIDS is due to its known inhibitory effect on BT.
Cytosolic acidosis and Ca
2+ overload are not involved in apoptosis induced by BT inhibition Previously, we reported that cytosolic acidosis leading to Ca 2+ leak from the endoplasmic reticulum (ER)
followed by the Ca 2+ overload in EC are the upstream events in simulated ischaemia-induced apoptosis [8] . Therefore, we tested whether inhibition of BT, which is an important regulator of cytosolic pH homeostasis in EC [9] , leads to apoptosis due to increased cytosolic H + and/or Ca 2+ accumulation.
Exposure of EC to simulated ischaemia for 2 hrs in bicarbonate-buffer medium led to cytosolic acidosis (pH = 6.52 ± 0.05) and Ca
2+
-overload (1073 ± 47 nmol/l) (Fig. 2) . Both protocols of BT inhibition did not influence significantly cytosolic acidification. The accumulation of Ca 2+ in the cytosol was slightly, but significantly, attenuated by both protocols of BT inhibition after 60 min exposure to simulated ischaemia (Fig. 2B) . Thus, pro-apoptotic effect of BT inhibition is not due to increased cytosolic H + and Ca 2+ accumulation under simulated ischaemia.
Inhibition of BT leads to apoptosis due to activation of cytochrome C release
To find out which apoptotic pathway is activated by inhibition of BT, first the cleavage of ER-bound caspase-12 was investigated. This approach was based on our previous data demonstrating that caspase-12 cleavage is a main intrinsic pathway of simulated ischaemia-induced apoptosis in coronary EC [8] . In line with this previous report, a significant cleavage of caspase-12 was found after simulated ischaemia in Bic (Fig. 3A) . Inhibition of BT either by omission of bicarbonate or by treatment with DIDS reduced rather than increased cleavage of caspase-12, thus excluding the involvement of the ERdependent pathway in the pro-apoptotic action of BT inhibition. We further analysed two other main signaling pathways previously described for ischaemiainduced apoptosis in various cell type, i.e. the death receptor-and mitochondria-dependent pathways. To prove a contribution of the death receptor-mediated pathway, cleavage of caspase-8 was analysed. No cleavage of caspase-8 could be detected after exposure of EC to simulated ischaemia under all conditions (data not shown).
To prove the role of the mitochondrial pathway, a release of cytochrome C from mitochondria was investigated. We found that simulated ischaemia in Bic led to a slight elevation of cytosolic cytochrome C (Fig. 3B ). This effect of simulated ischaemia was significantly augmented by both protocols of BT inhibition. Therefore, release of cytochrome C from mitochondria seems to be an event responsible for the pro-apoptotic effect of BT inhibition.
Inhibition of BT during simulated ischaemia leads to mitochondrial depolarization
Alteration of the mitochondrial membrane potential (⌬⌿m) has been shown to be an essential event associated with mitochondrial cytochrome C release under various stress conditions [19] . To test whether increased cytochrome C release induced by inhibition of BT is associated with changes in ⌬⌿m, mitochondrial membrane potential was measured applying the specific fluorescent dye JC-1 (Fig. 4) . Exposure of EC to simulated ischaemia for 2 hrs in Bic only slightly reduced ⌬⌿m, which did not differ from the initial, pre-ischaemic level. In contrast, ischaemic treatment of EC in Hep significantly depolarized the mitochondria. A similar effect was observed under DIDS treatment in Bic. Thus, it seems that bicarbonate-coupled ion transport is important for control of ⌬⌿m under simulated ischaemia.
Inhibition of BT during simulated ischaemia leads to mitochondrial translocation of Bax
Translocation of pro-apoptotic members of the Bcl-2 family proteins, e.g. Bax, from cytosol to mitochondria is an important initial mechanism for the release of mitochondrial cytochrome C [20] . In the present study we tested, thus, whether BT inhibition leads to mitochondrial Bax translocation. For this purpose, two methods were applied. First, a western blot analysis of Bax protein in the mitochondrial fraction was performed at the end of simulated ischaemia. We found that simulated ischaemia in bicarbonate buffered medium slightly increased mitochondrial Bax localization (Fig. 5) . This Bax binding to mitochondria was significantly augmented by both protocols of BT inhibition. Second, an immunostaining of Bax at the end of ischaemia was performed. With this method, only weak co-localization of Bax with mitochondria was detected in control cells or in cells after simulated ischaemia in bicarbonate buffer (Fig.  6 ) In contrast, a pronounced co-localization of Bax with mitochondria was detected under withdrawal of bicarbonate (HEPES-buffer, data not shown) or treatment with DIDS during simulated ischaemia. Thus, translocation of Bax to mitochondria under simulated ischaemia is dependent on BT activity.
Discussion
The aim of the present study was to find out whether BT plays a role in simulated ischaemia-induced apoptosis of coronary EC and which signalling pathways might be involved. The main findings are the following: (i ) BT inhibition significantly enhanced apoptosis of ischaemic EC. (ii ) The main mechanism responsible for pro-apoptotic action of BT inhibition is the activation of the mitochondrial pathway, i.e. cytochrome C release, mitochondrial depolarization and Bax translocation to mitochondria.
To simulate ischaemia, combination of glucosefree anoxia with extracellular acidosis (pHo6.4) was performed in the present study. The applied extracellular acidification seems to be relevant to in vivo myocardial ischaemia, where extracellular pH can decrease to as low as 6.0 [21] . This model of simulated ischaemia was characterized in our previous studies, which demonstrated the importance of cytosolic acidification as an initial trigger for Ca 2+ -release from the ER [12] followed by the cleavage of the ERbound caspase-12 [8] . Surprisingly, mitochondrial pathway of apoptosis plays, however, only a minor role in the simulated ischaemia-induced apoptosis. In the present study, we further demonstrated that the mitochondrial pathway of apoptosis is under control of BT. To analyse the role of BT, two treatment protocols were applied. First, bicarbonate was withdrawn from the incubation medium during simulated ischaemia by substitution of bicarbonate-buffer with HEPES-buffer. Second, BT was directly inhibited by treatment with the stilbene derivative DIDS. Both treatments significantly elevated apoptotis rate during exposure of EC to simulated ischaemia. Although DIDS, additionally to inhibition of BT, can also suppress Cl Ϫ channels [12] , the pro-apoptotic action of DIDS is unlikely due to inhibition of Cl Ϫ channels.
First, specific inhibition of Cl Ϫ channels under various stress conditions has an anti-apoptotic effect [22] . Second, in the present study treatment with DIDS in bicarbonate-free, Hep did not influence apoptosis of ischaemic EC (Fig. 1B) , indicating that DIDS jeopardizes EC only in the presence of bicarbonate. Thus, inhibition of BT rather than side effects seems to be responsible for pro-apoptotic action of DIDS. In contrast to our data, several previous studies demonstrated an anti-apoptotic effect of DIDS treatment or bicarbonate withdrawal [11, 23] . This discrepancy may be, first of all, related to differences in the cell injury model. Indeed, in the report of Fujita and colleagues [11] staurosporine-induced apoptosis of bovine carotid artery EC was associated with cytosolic alkalosis due to transmembrane HCO3 Ϫ influx. The causal role of cytosolic alkalinization in apoptosis induction has been previously demonstrated [24] . Therefore, the prevention of a cytosolic pHrise by inhibition of BT in Fujita's study could be the underlying protective mechanism of DIDS treatment, whereas it unlikely may have a similar effect under profound cytosolic acidification (pHi~6.5) in our ischaemic model. Furthermore, treatment with DIDS may have an anti-apoptotic effect due to a BT-independent action, e.g. due to inhibition of Cl -channels [23] , which, as discussed above, is not relevant for our model. In line with the present data, a few recent reports have demonstrated that BT inhibition promotes cell death [10, 25] . The mechanism of this action was not analysed till now. To find out which apoptotic pathways were activated by BT transport inhibition, cleavage of caspase-8, caspase-12 and release of cytochrome C were investigated. Activation of the death receptor pathway is unlikely responsible for the pro-apoptotic effect of the BT inhibition, since no caspase-8 cleavage could be detected under any experimental conditions. Cleavage of the ER-bound caspase-12 was previously reported to be a main apoptotic pathway in coronary EC under simulated ischaemia [8] . Similarly, a marked cleavage of caspase-12 was found in ischaemic EC in the present study. However, both protocols of BT inhibition rather suppressed than increased cleavage of caspase-12. Thus, the pro-apoptotic effect of the BT inhibition is not due to activation of the caspase-12 dependent pathway. In contrast, cytochrome C release from mitochondria was dramatically augmented by both protocols of BT inhibition. Therefore, it seems likely that inhibition of BT leads to apoptosis through activation of a mitochondrial pathway.
The mechanisms leading to cytochrome C release under stress conditions are still debatable. Although several models have been proposed, two of them seem to play a major role in apoptosis induced by various stimuli. One of the earliest models postulated the link between cytochrome C release and mitochondrial swelling, e.g. due to opening of the mitochondrial permeability transition (MPT) pores, followed by dissipation of ⌬m and rupture of the outer mitochondrial membrane. This allows the release of cytochrome C from the intermembrane space to the cytosol. In the other model, permeabilization of the outer mitochondrial membrane by pro-apoptotic Bcl-2 family proteins, e.g. Bax, was postulated as an initial mechanism for cytochrome C release [26, 27] . In this model, stress-induced activation and translocation of Bax to the outer mitochondrial membrane followed by its oligomerization [27] leads to formation of pores permeable for cytochrome C. In the present study, inhibition of BT led to a marked translocation of proapoptotic Bax to mitochondria and to significant mitochondrial depolarization. These findings argue, therefore, for the applicability of both these models of cytochrome C release in our study. In agreement with our data, recent reports suggested the "combined model" for cytochrome C release, where binding of Bax to mitochondria and formation of MPT followed by mitochondrial depolarization mutually affect each other [28, 29] . Altogether, (i ) release of cytochrome C, (ii ) mitochondrial Bax translocation and (iii ) mitochondrial depolarization provide strong evidence for activation of mitochondrial pathway of apoptosis by BT inhibition in ischaemic EC.
The role of BT in the regulation of mitochondrial pathway of apoptosis is still obscure. Cytosolic Ca 2+ overload can jeopardize mitochondrial function followed by cytochrome C release [30] . Our previous reports suggested that in ischaemic EC cytosolic Ca 2+ overload is caused by cytosolic acidification [8, 12] . Plasmalemmal BT, e.g. Na + -HCO3 -symporter, together with Na + /H + -exchanger plays an essential role in regulation of cytosolic pH in EC [9] . Therefore, it can be supposed that inhibition of BT in ischaemic EC may reduce the H + extrusion from the cytosolic and enhance the cytosolic acidosis followed by a further rise of cytosolic Ca 2+ overload, which may be a cause for mitochondrial dysfunction. However, analysis of cytosolic ion homeostasis in the present study revealed that the inhibition of BT under simulated ischaemia had no effect on cytosolic acidosis and rather slightly reduced Ca 2+ overload. Thus, activation of mitochondrial apoptotic pathway under BT inhibition is not due to increased cytosolic Ca 2+ and H + accumulation.
Beside plasmalemmal BT, the involvement of mitochondrial-localized BT in the regulation of mitochondrial pathway of apoptosis may be hypothesized. Although a few previous reports provided evidence for bicarbonate flux across the mitochondrial membrane [31, 32] , little is known about precise bicarbonate transporting systems in mitochondria. Several anion channels in mitochondrial inner and outer mitochondrial membranes were described, which may also be permeable for bicarbonate. It has been shown that permeability of two mitochondrial anion channels, i.e. voltage dependent anion channel and inner membrane anion channel, can be modulated by DIDS [33, 34] . Further work needs to be done in order to discover the precise bicarbonate transporting system modulating cytochrome C release under ischaemic stress, which was beyond the scope of the present study.
In conclusion, this study for the first time demonstrated the importance of BT for ischaemic apoptosis of the coronary EC. Inhibition of BT leads to activation of the mitochondrial apoptotic pathway, i.e. Bax translocation to mitochondria, mitochondrial depolarization and cytochrome C release. Further investigation of precise bicarbonate transporting systems modulating mitochondrial pathway may lead to discovery of new therapeutic approaches for treatment of diseases accompanied by apoptosis.
